Clagett et al (3, 4) reported the presence of a soluble enzyme in the green parts of higher plants which rapidly oxidizes glycolic and L-lactic acids, and Kolesnikov (6) also observed a rapid oxidation of glycolic acid added to ground barley leaves. Glycolic acid was oxidized more rapidly than L-lactic acid, and, among many other compounds tested, only DL-ahydroxy-n-butyric acid was oxidized and this at a very slow rate (3). Tolbert et al (12) further purified the enzyme from tobacco leaves and identified the product of L-lactic acid oxidation as pyruvic acid. With both crude and purified enzyme preparations, the first product of glycolic acid oxidation was glyoxylic acid, which also was oxidized slowly. Oxidation of glycolic acid by purified preparations yielded formic acid and carbon dioxide, but the end products formed by crude preparations were not identified. Tolbert and Burris (11) later reported that the enzyme was absent from etiolated plants but was activated by light; the activation did not follow chlorophyll formation.
Zelitch and Ochoa (19, 20) have obtained a catalase-free enzyme preparation from spinach leaves which was 74 to 80 % pure by electrophoretic and ultracentrifugal criteria and which oxidized both glycolic and L-lactic acids. Apparently only one enzyme 1 Received September 28, 1953 . 2 Published with the approval of the Director of the Wisconsin Agricultural Experiment Station. 3 Present address: Department of Biological Chemistry, University of Michigan, Ann Arbor, Michigan.
was involved in the oxidation of the two acids. They showed that riboflavin monophosphate is the prosthetic group, and that hydrogen peroxide is produced in the oxidation of glycolic acid to glyoxylic acid and in the oxidation of L-lactic acid to pyruvic acid. In the absence of catalase, glyoxylic and pyruvic acids are oxidized non-enzymatically by hydrogen peroxide to formic acid plus carbon dioxide and to acetic acid plus carbon dioxide, respectively. Kenten and Mann (5) also had demonstrated the production of hydrogen peroxide from the enzymatic oxidation of lactic and glycolic acids, and had shown that glyoxylic acid is enzymatically oxidized to oxalic acid in the presence of catalase. Glycolic and L-lactic acids are present in a wide variety of plants. Reports of their occurrence have been summarized by Rabinowitch (8) and Thimann and Bonner (10) . Moreover, Benson and Calvin (2) have found that glycolic acid is one of the early products of photosynthesis. Tolbert and Cohan (13) demonstrated the incorporation of considerable C'4 into glycine, polyglycine, and serine from C14-labeled glycolic acid added to crude barley juice. Schou et al (9) supplied C14-labeled glycolic acid to Scenedesmus and observed particularly high aerobic incorporation of the C14 into phosphoglyceric acid, serine, glutamic acid, and hexosephosphates in the dark, and into phosphoglyceric acid, sucrose, serine, glutamic acid, and malic acid in the light. Anaerobically in the dark, much C14 accumulated in glycine. The activity of the enzyme could also be measured in Thunberg tubes by determining photometrically the rate of the anaerobic reduction of 2,6-dichlorophenolindophenol (16) .
For the survey of plants for glycolic acid oxidase activity and for the study of the enzyme in barley, the leaves of the plants were ground in a mortar with quartz sand, or with a Nixtamal mill. The brei was immediately chilled in an ice bath; it was strained through a double layer of cheesecloth, adjusted to pH 8, and centrifuged at 2500 x g for 10 minutes. The supernatant fluid was used as a crude enzyme preparation and is referred to here as " plant juice."
Because of the high stability and abundance of the enzyme they contain, tobacco leaves were used as the source of enzyme for purification by salt fractionation. Tobacco juice was fractionated by precipitation with Na2SO4 and (NH4)2SO4 according to Tolbert et al (12) . This enzyme preparation, which was purified about tenfold to give a Q02(N) of around 2000, is referred to as the " salt-precipitated enzyme." It can be stored at from 2 to 5°C for 4Zelitch and Ochoa (1953) Upon dialysis, the Q02(N) increases to about 2500, but the enzyme loses stability so that its activity decreases by about 50 % upon storage at from 2 to 5°C for 96 hours.
The third type of enzyme preparation (referred to as the " purified spinach enzyme ") was the purified enzyme from spinach leaves, prepared by Zelitch and Ochoa (19) . Riboflavin monophosphate was added to reconstitute the enzyme.
For the study of light activation, etiolated barley seedlings were grown inside a light-proof box in a dark room. A panchromatic photographic film was placed on the flat containing the barley seedlings to detect any light that might fall on the barlev seedlings; if the film was exposed the barley seedlings were discarded. The barley juice from etiolated plants was prepared in the darkroom, and the Warburg flasks were filled, placed on the manometers, and covered with tinfoil before being brought into the light.
Glvcolic 
EXPERIMENTAL RESULTS SURVEY OF PLANTS FOR GLYCOLIc ACID OXIDASE:
To survey the distribution of glycolic acid oxidase in plants, the crude juices from the leaves of a wide variety of plants were tested for their ability to support uptake of 02 with added glycolic or lactic acids. Phosphate buffer was used, and the pH was adjusted to 8.3 for glycolate and 7.6 for lactate. All leaves tested (except for Japanese yew, okra, and box elder, which gave little juice and therefore unsatisfactory preparations) yielded active glycolic acid oxidase. Rhubarb juice was much more acidic (pH 3.9) than the other plant juices tested, and unless the leaves were vacuum infiltrated with pH 8.9 phosphate buffer before they were ground, this high acidity quickly inactivated the enzyme. In general, activity with glycolic acid as a substrate was higher than that with lactic acid. However, some preparations with a low concentration of enzyme were more active with lactic acid. The data are summarized in (1, 7) . In all tests, these inhibitors were added to a buffered enzyme preparation (either the barley juice or the purified spinach enzyme previously reconstituted by the addition of riboflavin monophosphate) and incubated for 30 minutes at 30°C before addition of substrate. All inhibition studies, except those with purified spinach enzyme, were made with NOLL AND BURRIS-GLYCOLIC ACID OXIDASE (11) retector from tobacco juice; this may explain why the ported that the enzyme which oxidizes glycolic acid is dialyzed preparation is less stable than the non-dia-activated by light. The enzyme was absent from etiolyzed one. The enzyme in barley juice resembles the lated plants, but was present in the green parts of dialyzed salt-precipitated enzyme from tobacco, as it normal plants. The activation of the enzyme in etioloses activity quickly even though stored at a low lated barley plants upon exposure to light did not temperature. It seemed probable that a sulfhydryl parallel the formation of chlorophyll, for the formaprotector was absent in barley juice, so barley was tion of chlorophyll was relatively slow during the first chosen as the source of glycolic acid oxidase for the 6 hours of illumination, the period in which the actistudy of sulfhydryl-group inhibition. The data ob-vation of the enzyme was most rapid. Light had no tained are summarized in table II. effect upon the enzyme after its removal from the
The rates of oxidation of glycolic and lactic acids intact leaves. by barley juice were increased 44 % and 150 %, re- In a reinvestigfation of the light activation of glyspectively, by 0.001 M Na2S. Boiled barley juice plus colic acid oxidase, juice expressed from the leaves of Na2S oxidized neither glycolic acid nor lactic acid.
etiolated barley consistently oxidized glycolic acid. The inhibitory effects of phenylmercuric nitrate The rates of oxidation were greater than reported and of p-chloromercuribenzoate were tested on puri-earlier (11) but were much lower than those obtained 
DISCUSSION
The occurrence of glycolic acid oxidase in 14 plant families tested here and 2 families (Solanaceae and Gramineae) tested earlier (4) suggests its importance in the economy of higher plants. In addition to possible functions in photosynthesis (9, 11), Zelitch (20) has pointed out how the enzyme can serve in a terminal oxidation system. It is difficult to assess the importance of these various functions, but, in view of the high activity and wide distribution of the enzyme, it is inadmissible to ignore its potentialities in plant metabolism.
Sulfhydryl inhibitors indicated that glycolic acid oxidase requires -SH groups for enzymatic activity.
Iodoacetate, iodoacetamide, phenylmercuric nitrate, and p-chloromercuribenzoate inhibit oxidation of glycolate and lactate by the crude barley juice preparations and the two mercurials also inhibit the purified spinach enzyme. The use of sulfhydryl group inhibitors has been discussed in excellent reviews by Olcott and Fraenkel-Conrat (7) and by Barron (1) .
Tolbert and Burris (11) reported that the enzyme oxidizing glycolic acid is light activated, for the enzyme was absent from etiolated plants, but was formed upon illumination of the etiolated plants. Experiments on 5-to 7-day-old etiolated barley seedlings failed to confirm the absence of glycolic acid oxidase, although its activity was sharply limited. All preparations from etiolated barley consistently showed significant amounts of glycolic acid oxidase, and limited activity was found in etiolated corn seedlings and etiolated bean seedlings as well. The activity, however, always was much less than in the normal green seedlings. Tolbert, Cohan, and Hendricks (14) have more recently reported that etiolated barley preparations do not consistently lack the ability to oxidize glycolic acid. They have suggested that the increase in activity when etiolated plants are illuminated may result from adaptive enzyme formation in response to glycolic acid formation in the light, for glycolic acid is an early product of photosynthesis (2) .
The possibility that the presence of active glycolic acid oxidase may depend upon the age and physiological development of the etiolated seedling was investigated, and it was found that the activity increases from a QO2(N) of 0 in 3-day-old, to 30 in 5-day-old barley. This may partially explain the discrepancies observed in the activities of etiolated plants.
SUMMARY
Enzymatic oxidation of glycolic and lactic acids was observed with crude juice from the leaves of all plants tested except for 3 plants from which the juice was difficult to extract. Glycolic acid oxidase activity has been found in a total of 16 common plant families.
Inhibition of glycolic acid oxidase by iodoacetate, iodoacetamide, phenylmercuric nitrate, and p-chloromercuribenzoate constitutes evidence that the enzyme requires sulfhydryl groups for its activity.
The etiolated plants tested were not devoid of glycolic acid oxidase, but their enzymatic activity was greatly enhanced by illumination.
